The gross structure of the Earth's interior is fairly well known, but we are still lacking information on the finer details, i.e. structural discontinuities of higher orders. A powerful tool in investigations of this type of problem is P-wave travel time, and specifically the parameter DTIDA. We have investigated this problem, taking advantage of the concept of continental arrays. Reported arrival time data (seismic bulletins) for the Fennoscandian network have been used for direct measurements of apparent velocity (DTIDA) and direction of approach of Pwaves from 648 seismic events. Our observations are interpreted in terms of vertical anomalies at depths around 850, 1050, 1250, 1700 and 2600 km where the velocity changes very slowly with depth. The corresponding epicentral distances are 35, 47, 53, 62 and 87 deg. In addition, we have strong evidence for existence of lateral P-velocity variation which amounts to around 0.1 km s-' in the depth interval 1750-2300 km and the distance range is around 63-80 deg. A comparison of our data with those presented by others favours lateral velocity variations also at depths around 700-800 km and the corresponding distance range is 25-30 deg.
Introduction
The gross structure of the Earth's interior is fairly well known, but we are still lacking information on the finer details, e.g. structural heterogeneities which cause higher-order discontinuities in seismic wave velocities. The most fascinating aspect of this problem is the possibility of lateral velocity variations in the deep mantle. Recent investigations of the P wave velocity structure of the mantle based on direct measurements of D T I D A values Toksoz, Chinnery & Anderson 1967; Hales, Cleary & Roberts 1968; Johnson 1969) indicate azimuth dependence in the observations themselves. Furthermore, the individual studies present results which differ significantly from each other. Additional support to the above hypothesis comes from a joint analysis of several types of geophysical data (Toksoz, Arkani-Hamed & Knight 1969 ) and P-wave diffraction studies (Phinney & Alexander 1969) .
The most efficient tools in investigating the above types of problems are observations of travel times of body waves and/or wave amplitudes in the time or frequency domain. Because of radiation and station siting effects the latter parameters normally do not reveal small-scale structures. The purpose of this paper is to present an investigation of vertical and lateral P wave discontinuities in the deep mantle. We have taken advantage of the continental array concept, using ordinary Fennoscandian stations for direct measurements of the D T / D A parameter. The travel-time data needed for these calculations have been taken from the station bulletins, thus avoiding the time-consuming seismogram readings.
Methods
The D T I D A measurements provide data which are very sensitive to small deviations from a standard earth. In our case we have used the seismic network in FennoScandinavia as a continental array (Fig. l) , and the D T / D A parameter for each event is measured directly. The method used is that of Husebye (1969) ; a short outline of the procedure is as follows. The observed travel times across the array are expressible as a function of latitude and longitude:
(1) An iterative least squares procedure is introduced for calculating the constant cc, p, a, b, and c. In the first trial cc and p are set equal to 1.0, but later recomputed from the least squares solution for the other constants a, b, and c. The above method converges rapidly, and the final values of CI and fi are usually in the interval 0.9-1-10.
In short, this procedure permits the choice of a relatively large class of polynomials to be fitted to the observed travel-time values. For example, a second-order polynomial may be represented in terms of a pseudo first-order polynomial (see equation (l)), and including a gain in the number of degrees of freedom in the least-squares solution. Knowing T as a function of 4 and 1, we compute DTIDA, azimuth and the standard deviations of these quantities. We also experimented with a secondorder polynomial in 4 and A for T, but no improvements in the D T I D A measurements could be detected. Although the above calculations are based on relative P wave arrival times, additional information on focal parameters (for example, from the NOAAINOS bulletins) is required for introducing corrections for focal depth and ellipicity.
Altogether we have analysed 648 events, and the corresponding arrival time data were obtained from bulletins for the Fennoscandian stations for the years 1964, 1965, and parts of 1966. The distances between the array centre and the epicentres range from 10 to 160 deg, but the core phases are omitted from the analysis. For some events improved precision in the D T I D A calcuIations was obtained by omitting a few stations exhibiting large residual values (DT >, 2 s). By residuals we mean in this case the difference between observed arrival times and those predicted from the least-squares solution. The acceptance threshold for an event was set at S.D.
< 0-30s deg-'. > 0*30sdeg-') is probably due to reading and phase identification errors. Obviously, a continental array is not suitable for investigations of the complicated structure of the upper mantle using bulletin data. The events actually used in this analysis are shown in Fig. 2 . In order to check the accuracy in measuring the D T / D A parameter for the Fennoscandian array, we used travel-time data taken from Jeffreys-Bullen (J-B) tables (1958) . The largest difference between 'correct ' and calculated values was 0.05 s deg-'; part of this discrepancy could be attributed to the effect of interpolation in the J-B tables. We should here keep in mind that the sampling interval of the array is around 0.5-1 -0 degree. Moreover, the elongated shape of the array gives the best D T I D A estimates for incoming waves in the north and south directions. In our opinion, the precision in D T I D A measurements using a continental array and ordinary bulletin data are equal to or better than that of a large aperture seismic array. For example, experimenting with the NORSAR array data (diameter 1lOkm) the S.D. of D T / D A estimates was around 0-1 s deg-' in the best cases (Bungum & Husebye 1971) while the corresponding figures for the continental array were 0.03 s deg-'. Also, the differences between observed and calculated azimuth values were larger for NORSAR.
The fundamental problem in analysis of P waves in the time domain is corrections for possible site and/or travel-time anomalies which may cause biased errors in the D T / D A calculations. To introduce observed station or epicentre corrections to the travel-time data is probably not a very good solution, as such a procedure is likely to give measured D T I D A values close to those corresponding to the travel-time table in use for focal parameter estimation. The correct procedure here is to calculate the necessary time corrections based on detailed knowledge of the velocity structure of the crust and upper mantle in the site and source regions. In our case, working with Fennoscandian stations, the required velocity variations for computing station corrections are not available. For example, the crustal structure in this region seems to be fairly homogeneous, with a thickness around 35 km (Penttila 1968) . Moreover, lateral velocity anomalies in the upper mantle have not been reported in this area (Kanestrm 1971) . In seismically active regions the crust and upper mantle structres are complex and seldom known in detail. On the other hand, the solid ray angle corresponding to the aperture of this array is small and thus should not impair the D T I D A calculations. This problem will be discussed in more detail in a later section.
In Fig. 1 which is a map of the Fennoscandian array, we have included observed stations corrections as reported by Husebye (1965) The distribution of event analysed is rather blocky, i.e. the bulk of observations available come from a few very active seismic Iegions. The best azimuth coverage occurs in the distance range 55-75 deg. Thus, in order to have a continuous coverage of the distance interval 25-95 deg, the required azimuth interval is at least 180 deg. As a compromise between distance coverage and small azimuth range, we have experimented with a number of azimuth intervals, namely, 30, 90, 180 and 360deg.
For distances greater than around 90 deg, the DT/ D A observations are based on both direct P and diffracted P-waves. We have not corrected for the latter effect, since time domain analysis is not sensitive to structures close to the mantle-core boundary.
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Structural inhomogeneities in the mantle
Performing measurement and analysis of D T I D A values foi a large number of seismic events implies that we are concerned with the structure of the Earth's interior.
A chemically homogeneous planet with no solid-solid or solid-liquid phase changes will have a smoothly varying velocity-depth curve. In this paper the term structural inhomogeneity or discontinuity refers to an anomalous variation of P wave velocity with depth. This may either be caused by a velocity jump as at Moho (first-order discontinuity) or discontinuous variations in one of the derivatives of the velocity depth function (second-or higher-order discontinuities). In the latter case, rapid changes in the velocity derivatives in our terminology are equivalent to discontinuous changes, and reflect the present resolving power of geophysical data of various kinds.
The relationship between wave velocity and the D T / D A parameter is given by the Herglotz-Wiechert formulas (Bullen 1963) , so an anomalous velocity variation is synonymous with an anomalous D T / D A variation. The term anomalous implicitly refers to a standard earth which in this paper is that corresponding to the J-B tables. The above model has a smooth P-velocity distribution as a function of depth, except for vertical inhomogeneities in the upper and lowermost parts of the mantle.
A discontinuity was defined above as an anomalous increase or decrease in the velocity gradient. The corresponding structural anomalies are most pronounced in the latter case; typical examples are parts of the upper mantle and the lower mantle close to the mantle-core boundary. Reported discontinuities in the mantle based on D T I D A analysis refer either to rapid decreasing or increasing velocity gradients as demonstrated in Fig. 4 . The above feature may explain most of the discrepancies between location of anomalous regions in the mantle when the differences in the original data are small. In this paper anomalous decreasing D T I D A gradients relative to those of the J-B tables will be denoted as structural discontinuities.
Results
The D T / D A observations used in this analysis are displayed in Fig. 3 . The main . The rapid gradient decrease between 52-54 deg is comparable to Johnson's (1969) results and is not rejected by LASA data (Chinnery 1969 ).
In the distance interval 25-55 deg, the bulk of our data comes from earthquakes and a few explosions in the Greece, Turkey, Iran and Central Asia regions, and a split of the corresponding azimuth sector is neither necessary nor desirable On the other hand, the large number of events in the 55-75 deg distance range permits the use of more narrow azimuth intervals, and somewhat arbitrarily we have chosen 90-deg intervals. The results obtained are displayed in Corbishley (1970) . In addition, our data favour the existence of inhomogeneities in the mantle for an epicentral distance around 87 deg (probably independent of azimuth) due to a sharp gradient decrease. In this distance range diffraction effects are negligible The latter discontinuity has tentatively been proposed by Chinnery (1969) .
From the data presented in Figs 5 and 6, it is quite clear that our D T I D A observations are in fair agreement with those of and Johnson (1969) . The only exceptions occur in the distance ranges 25-30 and 63-83 deg and in the latter case is most pronounced in the azimuth interval 0-90 deg.
New velocity models for the mantle
Based on the D T I D A observations presented in the previous section, we have computed two P-velocity models, NOR 1 and NOR 2 (Fig. 7) , using the HerglotzWiechert formulas. The required parameters for description of crustal and upper mantle structures are taken from Kanestrnrm (1971) In general, travel-time analysis is problematic due to reading and source parameter errors, anomalous site and source structures, etc. Despite large local anomalies, the trend in this type of data is as displayed in Fig. 8 , where residual values for the NOR models are also included. Epicentre corrections reported for Kiruna and Uppsala by Husebye (1965) are shown in Fig. 9 . 
Discussion
In the previous sections we have presented evidence for the presence of significant inhomogeneities in the Earth's mantle. These are located at depths of about 850, 1050, 1250, 1700 and 2600 km, and produce measurable effects on the D T I D A curve at a distance of A-35, 47, 53, 62 and 87deg. The above anomalous regions are explainable in terms of vertical inhomogeneities, although it is not clear whether the d V/dr curve changes continuously or discontinuously. Considering the great depths and the associated high pressures of the proposed anomalous regions, it is questionable if low-velocity regions or decreasing P wave velocity would exist in the deeper mantle. A possible exception is the lowermost part of the mantle in the depth interval 2800-290Okmy where most Earth models have a constant P velocity of around 13-64 km s-', which also characterizes the NOR models.
As mentioned above, our results differ for a few distance intervals from those presented by other seismologists. Using twice the standard deviations of the D T / D A anomalies as a test parameter, we conclude that small lateral velocity variations exist in the mantle at depths between 1750-2300 km. It is here considered significant that the above inhomogeneities are restricted to a distance range around 63-80 deg. The reason is that biased errors in the D T I D A measurements due to complex source structures are not a very likely explanation, as such effects then should be observable in the whole teleseismic region, and particularly at shorter distances. A typical example here is the Japan region which is characterized by a complicated epicentre correction pattern for Fennoscandian stations (Husebye 1965) Lateral inhomogeneities in the crust and upper mantle have been well documented during the last decade. For example, observed P,, velocities range between 7.5-8-5 km s-l, while surface wave analysis has revealed significant difference in propagation velocities under shield, tectonic, and oceanic regions, at least to a depth of around 500 km, and possibly down to around 800 km . Upper mantle velocity models exhibit pronounced differences down to around 800 km when comparing results of Jeffreys & Bullen (1958) , Gutenberg (1958 ), Niazi & Anderson (1965 ), and Johnson (1967 . However, the question that remains is the depth in the mantle to which lateral inhomogeneities extend. In principle, lateral heterogeneities may exist down to the mantle-core boundary. This is the conclusion reached by Toksoz et ul., (1969) , in a spherical harmonic analysis of geophysical data of various kinds. They found that about half the surface load differences due to topography and crustal structure are compensated istostatically at a depth of around 400 km, while the compensation process is completed in the lower mantle, possibly at the mantle-core boundary. geomorphological features, such as shield, oceanic, and possibly tectonic regions, and
From the above hypothesis we may expect a correlation between the dominating observed inhomogeneities in the mantle. The pronounced difference in our D T I D A observations (63-80 deg) occur for rays having their turning point under oceanic (Atlantic Ocean) and continental (Central Asia) structures respectively. The trend in our data is relatively positive values in D T I D A and travel-time residuals (Fig. 9) for oceanic regions, and negative values for continental regions in the above distance range. Earthquakes in the Circum-Pacific Belt between California and Kamchatka give travel time residuals and D T I D A values intermediate with respect to the two extreme regions mentioned above. In the latter case, the deepest point of penetration is under the Canadian Arctic Ocean. In short, P wave observations in FennoScandinavia exhibit a dependence on surface structures such as oceanic and continental regions for that part of the mantle in the depth interval around 1750-2300 km. The corresponding lateral P-velocity variation is small as the maximum difference amounts to around 0.1 km s-'.
Implicit in the conclusion is that this phenomenon is valid on a global basis, and henceforth should be observable for other seismic regions and array site combinations. So far, extensive D T I D A measurements have only been performed using data from LASA and the array at the Tonto Forest Seismological Observatory (TFSO) Greenfield & Shepard 1968; Chinnery 1969; Johnson 1969) . The LASA observations have been averaged over two small azimuth sectors, i.e. between 300-320 deg (NW direction) and 140-160 deg (SE direction), while the TFSO data are taken as a function of epicentral distance alone. The ray paths are either oceanic or oceanic-continental margin. The only exception is in the SE direction where continental structures dominate. Significant discrepancies between the D T I D A observations in the NW and SE directions (LASA data) for the distance range around 60-85deg are reported, and are tentatively explained in terms of lateral velocity distribution in the lower mantle. The same hypothesis has been proposed by Hales et ul. (1968) for explaining azimuth dependence in observed travel-time residuals for North American stations. The TFSO data are inconclusive with respect to lateral inhomogeneities in the deep mantle (Johnson 1969) .
Another approach for investigating the velocity distribution in the lower mantle is analysis of body waves diffracted along the mantle-core boundary as demonstrated by Phinney & Alexander (1966) . Recent results by Phinney & Alexander (1969) confirm theii earlier regional distinction between travel paths beneath the Atlantic Ocean (South America-Europe) and all others (mainly beneath the Pacific). Given the large resolution lengths implied by the long period data, these differences must involve substantial fractions of the lower mantle. For Atlantic paths the P velocity gradient should be relatively small and around 0-0-0-1 kms-' per 100 km. Concerning Atlantic travel paths of ordinary P waves, our results are in quantitative agreement with those just mentioned, which were considered tentative by Phinney & Alexander (1 969).
Conclusions
In this paper we have demonstrated that ordinary seismological bulletin data can be used for precise measurements of the parameter DTIDA for P waves. Analysis of data from the Fennoscandian network favours the existence of vertical P velocity inhomogeneities in the mantle at depths around 850, 1050, 1250, 1700 and 2600 km. In addition, we have evidence for lateral P velocity variations in the mantle in the depth interval 1750-2300 km. There seems to be some correlation between the observed lateral velocity anomalies and geomorphological features such as continental and oceanic regions, and this adds a new dimension to body wave regionalization problems. The above results are in quantative agreement with those presented recently by other seismologists.
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